Introduction to a spot 5.6 m wide and ‫51ف‬ m deep (lines in Figure  1C ; Wang and Augustine, 1995) . From this geometry, Caged compounds are biological signaling molecules we can predict the distribution of photolyzed glutamate inactivated by a photosensitive blocking group. When within the light beam. Simplifying assumptions about these compounds absorb ultraviolet (UV) light, a covacell geometry and glutamate sensitivity then allow us to lent bond attaching the caging group is broken, and an estimate cellular responses as a function of axial posiactive signaling molecule is released. These compounds tion within the light beam. are useful tools in studying synaptic transmission, in part
We first assumed that at any given depth z, the light because photolysis is rapid and can produce immediate forms a Gaussian spot with half-maximal radius r spot(z). jumps in the concentration of neurotransmitters or secBecause the total amount of light is approximately conond messengers (McCray and Trentham, 1989 ; Adams stant in any horizontal cross-section of the beam (e.g., and Tsien, 1993; Hess et al., 1995) . In addition, this red and blue lines, Figure 1B ), peak light intensity at the photolysis can be localized by restricting UV light to a center of any cross-section must be inversely proporsmall part of the field to yield spatial information about tional to the spot area, r 2 spot (z); the light energy density signaling events (O'Neill et al., 1990; Parker and Yao, per unit area within a given plane in the light beam is 1991; Callaway and Katz, 1993; Wang and Augustine, then 1995) .
One difficulty with spatially resolved uncaging is that when caged compounds are present throughout thick A(r,r spot ) ϭ A02 
specimens, such as brain slices, even a well focused light beam will cause diffuse photolysis. This occurs because light on its way to and from the focal point will where r is the lateral distance from the center of the photolyze caged compounds in untargeted tissue. Such spot and A 0 /r 2 spot is the light intensity at the center of the conditions yield axial (depth) and lateral resolution on spot (Siegman, 1971) . For light intensities that photolyze the order of tens of micrometers, even when light is only a small fraction of the caged glutamate-i.e., when the product of A(r,r spot ), the caged glutamate extinction coefficient, and the quantum yield is much less than † These authors contributed equally to this work. ‡ To whom correspondence should be addressed.
1-the amount of glutamate is linearly proportional to
where C is caged glutamate concentration; p is the probability of photolyzing a single caging group at the center of the focused spot and is proportional to the light flash energy, the extinction coefficient, and the quantum yield; and I 0 is a parameter proportional to the responsiveness of receptors to glutamate. This calculation holds if the flash is briefer than the time required for caged molecules to diffuse out of the light spot; the mean time for a glutamate molecule (diffusion coefficient of 200 m 2 /s) to escape from the oblong, hourglass-shaped volume shown in Figure 1C is ‫51-01ف‬ ms (Crank, 1975) .
Equation 2 predicts that I single (z) is maximal when the spot radius is smallest. Cellular geometry determines the drop-off of I single (z) with depth; Equation 2 predicts that I single (z) is half-maximal at a cross section where the spot covers an area about as large as the cell. This relationship arises because the quantity of glutamate produced in each horizontal plane is the same, so the response will decline only when the light spot is so large that most of the glutamate in the plane is distant from the cell (blue, Figure 1B ). With our conditions (rcell of ‫01ف‬ m), Equation 2 predicts that the response of a pyramidal cell will decline to half its maximum over a depth of 42 m ( Figure 1D ).
With double-caged glutamate, two photons of UV light are required to produce free glutamate, and the concentration of glutamate produced should be proportional to the square of the flash energy density, [A(r,r spot )] dominates the response profile, so that I double (z) is ap- the numerical aperture of the objective.
With nonsaturating light intensities (p Ӷ 1), Equation 3 predicts that in our system (r0 of 2.8 m), the expected A(r,rspot) and will be distributed as shown in Figure 1C (left).
half-maximal depth for the response to photolysis of double-caged glutamate should be 17 m ( Figure 1D ), a To predict the cellular response to photolysis of glutamate, we assumed that electrical current, I, is produced 60% improvement in axial resolution over single-caged glutamate. For more intense flashes, the axial resolution in proportion to glutamate concentration ( Figure 2B ; see also Hausser and Roth, 1997) . The response of a neuron of responses is predicted to degrade. Numerical calculations indicate that for p ϭ 0.9, the half-maximal depth to photolysis of single-caged glutamate (I single [z] ) is then equal to the integral of A(r,r spot ) over the area of the cell:
for double-caged glutamate will expand to 32 m. This occurs because saturation causes the region of maximal requires only a single photon and is consistent with dose-response curves obtained following iontophoretic glutamate production to become more distributed.
Treatment of the cell body as a sphere requires numerapplication of glutamate (Hausser and Roth, 1997) . In contrast, for double-caged glutamate, this relationship ical integration and predicts a half-depth for singlecaged glutamate that is somewhat increased (55 m) was nonlinear and could be described by a secondpower function ( Figure 2B ). The observation that this but for double-caged glutamate is nearly the same as for a disk (18 m). This confirms that depth resolution function is the square of the relationship observed for single-caged glutamate supports the idea that two phoshould be improved substantially through the use of double-caged glutamate and is strongly dependent on tons are required to produce a molecule of free glutamate. detector geometry only for single-caged glutamate.
Currents induced by photolysis of caged glutamate were separated into two components by using gluta-
Experimental Results

Characterization of Responses to Caged Glutamate
mate receptor antagonists ( Figure 2C ; Honore et al., 1988) . The most rapid current component was blocked Photolysis of either single-or double-caged glutamate over the cell body or dendrite of a pyramidal cell evoked by application of the AMPA receptor antagonist CNQX (5 M). The remaining current peaked after the end of inward currents (Figure 2A ). Current responses began 0.3 ms Ϯ 0.1 ms (SEM; n ϭ 13) after the flash and glutamate production, was enhanced by depolarization to Ϫ30 mV, and was blocked by the NMDA receptor reached a peak at the end of the flash, indicating that glutamate was photolyzed rapidly (Wieboldt et al., 1994) antagonist APV (50 M), consistent with responses mediated by NMDA receptors (Lester et al., 1990) . These and released throughout the flash. The amplitude of these currents depended upon caged glutamate conresults show that currents evoked by photolysis of caged glutamate were generated exclusively by activacentration and light energy ( Figure 2B ). Responses saturated at ‫8ف‬ J, although we usually confined our meation of AMPA-and NMDA-type glutamate receptors. At comparable light flashes and concentrations, resurements to sub-saturating light levels. At these lower light levels, the relationship between light energy and sponses to double-caged glutamate were smaller than those evoked by single-caged glutamate. To compare current amplitude evoked by single-caged glutamate was well fit by a first-power relationship ( Figure 2B) .
responses to the two compounds, the concentration of double-caged glutamate was increased until currents This is expected if the photolytic release of glutamate were similar in amplitude to those evoked by singlecaged glutamate. Flashes of 5 ms evoked current responses of 72 Ϯ 10 pA (SEM, n ϭ 10) with 25 M singlecaged glutamate and 73 Ϯ 7 pA (n ϭ 8) for 100 M double-caged glutamate. Doubling the concentration of each compound resulted in response amplitudes that also doubled, to 140 Ϯ 16 pA (n ϭ 10) and 146 Ϯ 17 pA (n ϭ 7). This lowered probability of producing free glutamate is additional evidence that two photons are required to activate double-caged glutamate; since the probability of photolyzing a single caging group (p) is Ͻ1, the probability of forming glutamate from the doublecaged compound (p 2 ) must always be less than that of forming glutamate from the single-caged compound.
Photolysis of caged glutamate could cause depletion of caged glutamate or accumulation of free glutamate, single-caged glutamate, or carboxynitrobenzyl groups.
To test for such phenomena, flashes were repeatedly applied at the focal plane at 10 s intervals. No changes were observed in the amplitude ( Figures 2D and 2E Figures 1C and 1D) . We tested this prediction by mea- these responses differed for the two compounds; for example, when the UV light was focused 20 m below glutamate it did not (n ϭ 7; p Ͼ 0.05, paired t test). In the cell, single-caged glutamate evoked a response contrast, increasing response amplitude by increasing while double-caged glutamate did not. Thus, adding a caged compound concentration had no effect upon axial second caging group to glutamate does improve axial resolution; the mean half-widths for 100 and 200 M resolution.
double-caged glutamate were indistinguishable (21.5 Ϯ To quantitate axial resolution, we measured the rela-2.4 m SEM, n ϭ 5 and 17.6 Ϯ 1.2 m SEM, n ϭ 13, tionship between the peak amplitude of glutamaterespectively). This was also true for single-caged glutainduced currents and axial position ( Figure 3B ). These mate (44.8 Ϯ 1.7 m SEM, n ϭ 10 at 25 M and 43.4 Ϯ relationships were described by Gaussian functions, 1.9 m SEM, n ϭ 11 for 50 M; p Ͼ 0.1, Student's t whose half-widths were used as a measure of axial test). Thus, axial resolution is independent of caged resolution ( Figure 3B ). The mean half-width of this funcglutamate concentration and optimal with limited photion was 43.5 Ϯ 1.3 m (SEM, n ϭ 21) for single-caged tolysis of double-caged glutamate. glutamate and 18.7 Ϯ 1.1 m (SEM, n ϭ 18) for doubleMapping Glutamate Receptor Distribution caged glutamate. This 57% improvement in axial resoluLocal uncaging makes it possible to resolve glutamate tion over single-caged glutamate is statistically signifiresponses on individual dendrites. We occasionally obcant (p Ͻ 10 Ϫ6 , Student's t test) and is in excellent tained glutamate responses whose axial profiles had agreement with the theoretical prediction of 60% shown two peaks ( Figure 4A ) that were fit by the sum of two in Figure 1D .
Gaussians, each of which had a half-width comparable Our calculations predict that a high probability of photo that seen in single-peaked distributions. Such results tolysis of double-caged glutamate should decrease may be due to activation of receptors on multiple proaxial resolution (see Theory and Predictions). We tested cesses lying in different focal planes. Profiles with multithis by doubling light energy by increasing flash duraple peaks were seen with both single-and double-caged tion. For double-caged glutamate, this increased mean glutamate, though peaks Ͻ40 m apart could be rehalf-widths from 20.4 Ϯ 1.6 m to 31.1 Ϯ 3.7 m (SEM, n ϭ 7; p Ͻ 0.02, paired t test), while for single-caged solved only with the double-caged compound.
3, and 1 in Figure 4B ). Several mechanisms, including a decrease in receptor density, decreased membrane area exposed to glutamate, or electrotonic attenuation (Spruston et al., 1993) , could produce this effect. However, currents were consistently (n ϭ 5) larger at distant secondary apical dendrites than at more proximal regions ( Figure 4B , currents 6, 9, and 10). These larger currents were not caused by regenerative activation of voltage-dependent channels, because they persisted in the presence of calcium and sodium channel blockers (100 M cadmium and 1 M tetrodotoxin). Furthermore, they were not due to NMDA receptor activation, because 50 M APV did not eliminate the effect. These larger currents apparently reflect a higher density of AMPA receptors in secondary apical dendrites.
Discussion
Using a double-caged glutamate compound, we have achieved a significant improvement in the spatial resolution of focal uncaging in brain slices. The observed improvement in depth resolution, the nonlinear dependence of response amplitudes on flash energy, and the requirement for higher concentrations of double-caged compound all show that two photolysis events are required to generate one active glutamate molecule. We call this phenomenon "chemical two-photon uncaging" to distinguish it from "optical" two-photon excitation (Gö ppert-Mayer, 1931), in which two long-wavelength photons from an intense, pulsed laser are needed to provide sufficient energy to photolyze a single caging group (Denk et al., 1990; Denk, 1994; Denk et al., 1995) . Though we have restricted our attention to glutamate, attractive candidates for double-caging include other neurotransmitters (Hess et al., 1995) and inositol 1,4,5-trisphosphate, which can be inactivated at both its 4-and 5-phosphate positions (Walker et al., 1989) . The caged calcium chelator diazo-4 also must be photolyzed twice to cause a maximal shift in calcium affinity (Adams et al., 1988) . These possibilities suggest that chemical two-photon uncaging will be a very general method for improving the performance of any compound to which two inactivating caging groups can be attached. Chemical two-photon uncaging has several advan- (2) Photolytic efficiency. Relatively little uncaging occurs during optical two-photon excitation because many existing caging groups are not photolyzed efficiently by Local photolysis can be used to map spatial variations two long-wavelength photons (Denk et al., 1995) . Chemiin glutamate responses of single neurons by moving the cal two-photon uncaging avoids this problem by relying UV light spot to different positions. In such experiments, on the UV photolysis for which the compounds were the lateral resolution was better than 5 m when using originally designed. (3) Spatial resolution. Because the double-caged glutamate, because no current was evoked diffraction-limited point spread is proportional to wavewhen the spot was moved 5-10 m away from a cell.
length (Inoué , 1986) , the spatial resolution of chemical Along the basal dendrite, the amplitude of glutamatetwo-photon uncaging should be better than that of optiinduced currents decreased monotonically as the discal two-photon uncaging, as the former uses shorterwavelength light. We did not critically test this point in tance from the cell body increased (compare traces 5, dried with sodium sulfate, and concentrated to a brown syrup. Purifiour experiments, because our UV light was not focused cation via flash chromatography (Still et al., 1978) Figure 1A) caged glutamate was simplified by earlier work identiDouble-caged glutamate spotted on a silica TLC plate was photolyzed for 30 min with a hand-held lamp (254 nm) at a distance of fying multiple sites of inactivation, separated by nonres-1 cm. The result was clean production of free glutamate, as judged onant single bonds (Wieboldt et al., 1994) . experiments is maximal when flash-generated glutayield of 0.14 (Wieboldt et al., 1994 In summary, double-caged compounds provide a new activity than single-caged glutamate, which is reported to be biologitool that improves spatially resolved photolysis and cally inactive at 1 mM (Wieboldt et al., 1994) . 
